INTRODUCTION
Cancer associated fibroblasts (CAFs) represent the most abundant non-neoplastic cell type within tumors and are the major source of extracellular matrix (ECM). CAFs have been implicated in tumor initiation, progression, and response to therapies (1, 2) . Our understanding of mechanisms of interactions between breast carcinoma cells and CAFs remains fragmented in part due to substantial heterogeneity of breast tumors (3, 4) and CAFs (1) .
Resistance to cytotoxic and targeted therapies is the major obstacle towards improved long-term patient survival. A growing body of evidence suggests that, tumor-associated stroma, and particularly CAFs, play a major role in resistance to both chemo-and targeted therapies, including immunotherapy (5) (6) (7) (8) (9) . ECM produced by fibroblasts can contribute to interstitial and mechanical pressures within tumors that limit proper blood flow and reduce the delivery of therapeutic agents (10) . Stroma-derived gene signatures have also been shown to be strong predictors of clinical outcome of breast cancer patients (11) . However, the mechanistic details of this protection, as well as therapeutic options to limit it, remain poorly explored.
Here we found that interactions with CAFs in 3D co-cultures induces substantial sub-type-specific alterations in gene expression and metabolic profiles of breast carcinoma cells. Furthermore, CAFs confer strong resistance to lapatinib, a dual EGFR/HER2 inhibitor (12) , attributable to reduced accumulation of the drug within the carcinoma cells and an elevated apoptotic threshold. Interestingly, fibroblasts from normal breast tissues and stromal cultures of brain metastases of breast cancer confer therapeutic resistance similar to CAFs, highlighting a commonality shared by multiple stromal cell types regardless of their tissue of origin. Using synthetic lethality screens and interrogation of the functional relevance of ECM, we identified several signaling pathways and targets whose inhibition overcomes lapatinib resistance, including JAK2/STAT3 and hyaluronan. We validated the physiologic and clinical relevance of our findings obtained from this 3D culture model in vivo using xenografts and primary patient samples. Thus, our study sheds light on the changes induced by the interaction of Author Manuscript Published OnlineFirst on September 26, 2016; DOI: 10.1158/0008-5472. CAN-16-1457 breast cancer cells with fibroblasts and offers novel approaches to overcoming microenvironmental protection by therapeutically targeting the stroma.
MATERIALS AND METHODS

Cell lines and tissue culture conditions
Breast cancer cell lines were obtained 1999-2016 from the following sources: MDA-MB-453, HCC1954, MCF7, and T47D cell lines were obtained from ATCC; MCF10DCIS.com from Dr. F. Miller (Karmanos Cancer Institute, Detroit, MI), SUM149PT from Dr. S. Ethier, University of Michigan, Ann Arbor, MI). Identity of the cell lines was confirmed by short tandem repeats (STR) analysis. Normal human astrocytes were purchased from Lonza and Cell Applications. Cells were cultured in media recommended by the provider; regular tests for mycoplasma contamination were performed.
Fibroblasts and stroma from brain metastatic lesions of breast cancers were isolated from patient samples as previously described (13, 14) and expanded for 3-10 passages prior to the experiments.
All human tissue was collected using protocols approved by the Dana-Farber Harvard Cancer Center (DF/HCC) Institutional Review Board. Fibroblasts expansions and all the in vitro experiments were performed in 50/50 mixture of DMEM-F12, 10% FBS/MEGM with supplements. Fluorescently labeled derivatives of carcinoma cell lines and fibroblasts were obtained by lentiviral expression of mCherry/Luciferase (obtained from Dr. C. Mitsiades, DFCI), pLVX-AcGFP or pLVX-dsRED (Clontech Laboratories Inc.). Matrigel 3D culture experiments were performed using on-top method as described previously (15) .
Xenograft experiments
All animal procedures were approved by the DFCI IACUC (DFCI protocol#11-023) and followed NIH guidelines. Tumors were induced by bilateral orthotopic injection into 6-weeks old female NOG mice of 1 × 10 6 carcinoma cells with/without 0.5 × 10 calipers. Lapatinib dissolved in 0.5% HPMC/0.1% Tween 80, and NVP-BK805 (provided by Novartis Oncology) in 50 mM sodium citrate buffer pH 3.0 were administered via daily oral gavages.
Hyaluronidase (Vitrase®, Bausch and Lomb) was administered via subcutaneous injection in the vicinity of tumors at 50 μl (10 U) per injection twice per week. PEGPH20 (provided by Halozyme Therapeutics) was intravenously administered at 1 mg/ml/week. Prior to treatment, distribution of tumor sizes was compared between control and experimental groups to ensure uniformity. No blinding was performed during the tumor measurements in live animals. One-two hours prior to euthanasia, animals were injected intraperitoneally with 100 μl of 10 mg/ml BrdU (bromodeoxyuridine) solution to label proliferating cells.
Gene expression profiling
DsRED labeled carcinoma cell lines and GFP expressing CAFs were cultured either separately or together for 17 hours. Colonies were released from Matrigel by 30 min incubation in PBS/EDTA while separately cultured cells were combined to control for cross-contamination. Cell mixtures were washed with PBS, trypsinized for 7 minutes, quenched with serum containing media, washed, and collected by centrifugation. Epithelial cells were selected using Epithelial Enrich Dynabeads (Life Technologies) following manufacturer's protocol. Microscopic examination of captured cells revealed no detectable CAF contamination. 5x10 5 cells of each sample were used to prepare SAGE-Seq libraries as described before (16) . Sequencing tags were mapped and normalized as described previously (17) . All genomic profiling data generated in this publication can be found online with GEO Publication Reference ID GSE80333 (http://www.ncbi.nlm.nih.gov/geo/)
Statistical analyses
Research. Statistical analyses of in vitro and in vivo experiments were performed using Graphpad Prism software, using statistical tests indicated in figure legends. Descriptions of analyses of expression and patient data are provided in the supplementary information.
Luciferase reporter assays for cell viability
For cellular viability assays, carcinoma cells expressing lentiviral mCherry/Luciferase were plated with/without unlabeled or GFP expressing CAFs into non-adherent white 96-well plates (Nunc, After incubating overnight, inhibitors were added to the media. Following 3-day culture in the presence of inhibitor or vehicle control, viability of luciferase-expressing cells was assessed by adding luciferin-D (125 ug/ml) and measuring luminescence using Biotek Synergy plate reader. For synthetic lethality screen, inhibitors of signaling pathways that were either previously implicated in resistance to targeted therapies, or that were identified as altered by interaction with fibroblasts in our analyses, were purchased from Selleck Chemicals, Fisher Scientific, or obtained from manufacturers. Pilot experiments were performed to identify the highest inhibitor doses that display <20% inhibition of luminescence signal compared to vehicle-treated control. Then, sensitivity of separately or cocultured cells to varying concentrations of lapatinib as a single agent or added with non-toxic or low toxicity doses of inhibitors was assessed as described above. In all cases, lapatinib was added [2] [3] [4] [5] [6] hours after the addition of the inhibitors. Fold difference between the expected surviving fraction, based on the additive effect of individual toxicities, and the observed toxicity in the experiment was determined. All of the experiments were performed at least with 3 biological replicates, each containing 3 technical replicates.
Histological, immunohistochemical, and multicolor immunofluorescence analyses
Histologic, immunohistochemical, and multicolor immunofluorescence analyses and image acquisition were performed as previously described (18 follows: the percentage apoptotic cells were estimated by counting an average of 1,000-1,500 cells/sample using ImageJ 1.45s software from 3-4 randomly selected regions of tissue slides stained for cleaved caspase-3. Live colonies were imaged directly by vital microscopy using intrinsic fluorescence with a Nikon Eclipse TE3000 inverted microscope. Single-cell based distance from fibroblast calculation was performed using a custom built macro for ImageJ 1.42r program (code available upon request). The macro was constructed to allow calculation of the closest fibroblast from each cell with particular nuclear staining (BrdU or Ki67). First, the nuclear stain image was used to define nuclei as regions of interest and the coordinates of their centroids were saved, but only if they overlapped with regions containing BrdU/Ki67 staining (positive cells). Then, the fibroblast staining channel was reduced to its maxima points. Finally, for each saved centroid, a distance to every maxima point was measured and the shortest distance for each individual nuclei was saved. This resulted in a table containing the shortest distance between a given positive cell and a fibroblast.
Distribution of the distances was plotted using R software.
Intracellular BH3 profiling
Following 24 hours suspension culture with/without CAFs, carcinoma cells were recovered by incubation with 2 mg/ml collagenase for 30 minutes, followed by 10 minute trypsinization and washing with PBS. BH3 profiling was performed essentially as described (19) . Results from 4 (HCC1954) or 5 (MDA-MB-453) independent experiments are shown as % cytochrome c release of control DMSO peptide.
RESULTS
3D model of breast carcinoma cells and fibroblasts interaction
Our previous studies have demonstrated that co-culture with breast stromal fibroblasts dramatically alters the morphology of MCF10DCIS cells in organotypic 3D Matrigel cultures (20) . Table S1 ). Despite the substantial changes in gene expression, cell lines maintained their molecular identity, as judged by hierarchical clustering analysis, and the majority of the fibroblast-induced changes were cell line and sub-type specific ( Figure 1D ). To gain insights into the biological impact of interaction between carcinoma cells and CAFs, we performed MetaCore analysis (21) . Consistent with clustering analysis, most of the changes were sub-type- ( Figure 1F ). Still, some of the changes, such as several immune-response related and cell adhesion and TGF-β signaling pathways, were shared by cell lines representing different molecular sub-types.
To investigate the clinical relevance of these changes, we asked whether the differentially expressed gene sets would subdivide breast tumors into clinically relevant groups using the Metabric cohort (22) . We found that luminal T47D and combined MCF10DCIS+SUM149 cell line-derived "basal" gene expression signatures clustered luminal B and basal-like breast tumors into two groups with a statistically significant difference in overall survival ( Figure 1G and Table S2 ). Interestingly, these expression signatures also correlated with estimated stromal and immune cell contents of the tumors and were different between the good and poor outcome groups, with poor outcome associated with lower stromal and immune scores ( Figure 1H ).
Next, we examined the interaction-induced changes in cellular metabolism. Due to sample size requirements, profiling was performed on mixtures of epithelial cells and fibroblasts. Epithelial cells were co-cultured with CAFs, or cultured separately and then combined with fibroblasts immediately prior to harvesting ( Figure 1B ). Whereas the majority of co-culture-induced changes were cell line specific, we observed a notable enrichment in metabolites in the glutathione pathway ( Figure S2A , B and Table S3 ). Consistent with these results, we detected a significant reduction in total glutathione levels in co-cultures with all the cell lines ( Figure S2C ). Since reduced glutathione is a major buffer of reactive oxygen species (ROS), this decrease suggests that epithelial-stromal cell interactions might have a substantial impact on ROS signaling and metabolism, which can affect sensitivity to apoptosis.
In summary, our metabolic and expression profiling revealed that despite considerable cell line and sub-type differences, interaction with stromal fibroblasts induces common responses in breast cancer cells that are clinically relevant.
Stromal fibroblasts enhance therapeutic resistance
To interrogate the impact of CAFs on therapy response we stably expressed luciferase in carcinoma cells, enabling us to exclusively monitor the viability of breast cancer cells, as luciferase-negative fibroblasts cannot produce the signal (Figure 2A) (23) . Since CAFs degrade Matrigel within 24 hours of co-culture, we performed the assays in suspension cultures where fibroblasts were still capable of engaging in heterotypic interactions with carcinoma cells ( Figure S3 ).
We found that co-culture with CAFs resulted in partial protection against commonly used chemotherapeutic agents doxorubicin and taxol, although the effect was relatively modest and variable among cell lines ( Figure S4A ). Strikingly, CAFs provided an exceptional protection against the dual EGFR/HER2 inhibitor lapatinib in most of the cell lines tested ( Figure 2B and Figure S4B ). Figure   S5D ). These results suggest that protective impact of CAFs require close proximity in 3D context and cannot be attributed to a reduced availability of lapatinib to carcinoma cells due to its uptake by CAFs.
We next evaluated the relevance of our findings in vivo. To this end, we compared the lapatinib sensitivity of carcinoma cells injected with/without CAFs into the contralateral mammary fat pads of the same mouse. We observed rapid colonization of tumors initiated both with/without human CAFs Figure S5E ). Therefore, we sought to validate the protective impact of CAFs by examining the distance between CAFs marked by α-SMA staining and proliferating carcinoma cells (marked by BrdU staining), comparing lapatinib-treated and control groups ( Figure 2E) . Using an automated quantitative image analysis approach, we found that the distance between the infiltrating mouse CAFs and proliferating cancer cells was statistically significantly shorter in the lapatinib treatment group compared to vehicle treated controls ( Figure 2F ), suggesting that fibroblasts were reducing the cytostatic effects of lapatinib in vivo.
To further validate the physiologic and clinical relevance of our findings, we also performed 
Mechanisms underlying fibroblast-induced therapy resistance
Despite the sub-type and cell line specificity of gene expression changes, protection against lapatinib in fibroblast co-cultures was observed with most of the cell lines tested. We therefore hypothesized that this protection is likely to involve shared underlying mechanism(s). Hence, we first tested whether 
accumulation of the drug directly using flow cytometry (FACS). We found that fibroblast co-cultures reduced the accumulation of lapatinib in the epithelial cells ( Figure 3A) , an effect that was also observed in vivo ( Figure S6A) . Consistent with the reduced intracellular accumulation of the drug, the effect of lapatinib on the phosphorylation of HER2, EGFR, and AKT was less pronounced in fibroblast co-cultures ( Figure 3B ). Furthermore, we observed that fibroblast co-culture reduced the levels of cleaved caspase-3, indicative of attenuated apoptosis ( Figure 3B ).
We next asked if the attenuated apoptotic response is entirely due to the reduced intracellular lapatinib accumulation or it is dependent on some other mechanism. To address this question, we used BH3 profiling (26), a FACS-based assay that measures overall apoptotic sensitivity (19) . In this assay, the cells were first dissociated from colonies, then permeabilized and challenged with proapoptotic peptides. Therefore, all of the cells were expected to display equal uptake of pro-apoptotic peptides irrespective of previous culture conditions. Nevertheless, we found that cancer cells recovered from fibroblast co-cultures were less responsive to apoptotic stimuli, indicating an elevated apoptotic threshold ( Figure 3C ). To address the functional relevance of reduced sensitivity to proapoptotic stimuli, we asked whether fibroblast-induced resistance could be overcome by targeting the anti-apoptotic machinery. Indeed, a combination of lapatinib with BCL2/BCL-xL inhibitors (e.g., ABT737) reversed the fibroblast-induced protection ( Figure 3D ), although cancer cells in co-cultures were still less sensitive to this combined treatment than when cultured alone. Therefore, the mechanisms of fibroblast-induced resistance to lapatinib in breast cancer cells involves both reduced accumulation of the drug as well as elevated apoptotic threshold.
Stromal hyaluronan is essential for lapatinib resistance
As demonstrated above, the protection from lapatinib requires close physical proximity between fibroblasts and carcinoma cells. Given that cell adhesion to extracellular matrix (ECM) is essential for survival signaling, and that stromal fibroblasts are the major producer of the ECM, we explored the importance of ECM in the observed protective effect of fibroblasts. First, we asked whether collagenmediated adhesion, which plays essential pro-survival role in some contexts (27) , is involved in stromal protection against lapatinib as seen in our system. We found that collagenase treatment disrupted heterotypic interactions, preventing the formation of complex organoid-like colonies ( Figure   4A) . Surprisingly, this disruption led to modest, though statistically significant, inhibition of the protection against the drug ( Figure 4B) . Similarly, inhibition of focal adhesion kinase (FAK), a key mediator of collagen-integrin adhesion signaling led to partial increase in lapatinib sensitivity in fibroblast co-cultures ( Figure 4C ). We therefore concluded that collagen-mediated adhesion is not an essential component of the pro-survival effects of fibroblasts.
We next asked whether hyaluronic acid (HA), another major component of ECM produced by fibroblasts, is involved in the protection by testing the effect of hyaluronidase. We found that hyaluronidase completely abolished the protective effect of stromal fibroblasts without disaggregating the heterotypic colonies ( Figure 4A, D) . Remarkably, the extent of HA production by stromal fibroblasts strongly correlated with their ability to protect epithelial cells from lapatinib ( Figure 4E ), consistent with the hypothesis that hyaluronan is a major fibroblast-produced factor underlying lapatinib resistance. Notably, HA-rich fibroblast-conditioned media did not have any noticeable effect ( Figure S5B ), suggesting that HA per se is not protective. We therefore asked whether HA might be responsible for the ability of fibroblasts to survive the toxicity arising from the treatment. Indeed, whereas fibroblasts were normally highly resistant to lapatinib, hyaluronidase treatment resulted in their dramatic sensitization to the drug ( Figure 4F ).
We thus explored the therapeutic utility of sensitization to lapatinib in vivo. To this end, we contrast, hyaluronidase treatment significantly increased the anti-tumor effects of lapatinib ( Figure   4G ). Notably, we found that hyaluronidase co-treatment significantly increased apoptosis rates in lapatinib treated animals ( Figure 4H, I ). Furthermore, we have confirmed that the anti-tumor effects of lapatinib can be enhanced with systemic treatment of stable, PEGylated form of recombinant human hyaluronidase, PEGPH20 (28), which is currently being evaluated in multiple clinical trials ( Figure   S6B ,C). These effects of hyaluronidase were not mediated through CD44, an HA receptor, as its downregulation in breast cancer cells or in CAFs did not impact their survival (Figure S6 D, E and data not shown). Overall these data establish a rationale for combining hyaluronidase with lapatinib to improve therapeutic responses.
Synthetic lethality screen for sensitization to lapatinib
We next sought to define synthetic lethal interactions that may overcome stroma-induced resistance to lapatinib. To this end, we combined lapatinib with small molecule inhibitors of signaling and metabolic pathways that we identified as potential candidates based on our gene expression and metabolic profiling, or those that have been previously implicated in cancer therapy. For this screen, we primarily used MDA-MB-453 cells, with validation of selected inhibitors in additional cell lines (Table S4 ). In addition to BCL2/BCL-xL inhibitors, resistance to lapatinib was substantially diminished by co-inhibition of PI3K-AKT and JAK-STAT pathways ( Figure 5A ). This sensitization by PI3K-AKT inhibitors likely reflects increased inhibition of HER2/EGFR signaling, the target of lapatinib. In contrast, the effect of JAK inhibitors might be more specific, since we had observed that lapatinib increased STAT3 phosphorylation and fibroblast co-cultures led to stronger baseline and lapatinibinduced STAT3 phosphorylation ( Figure 3B ). Given the known anti-apoptotic effects of JAK-STAT3
signaling (29), we hypothesized that the activation of this signaling pathway might be involved in the elevation of apoptotic threshold in the fibroblast co-cultures. Notably, fibroblast-induced protection against lapatinib was reversed by co-treatment with the JAK inhibitor BSK805 ( Figure 5B) . To confirm the pharmacological data, we performed shRNA-mediated downregulation of GP130, a protein that is part of a number of cytokine receptors and is essential for cytokine-mediated signaling that activates JAK-STAT signaling, and STAT3. Both STAT3 and GP130 downregulation reduced the levels of phosphorylated STAT3 and increased the sensitivity of fibroblast co-cultures to lapatinib ( Figure S7A,   B) . Furthermore, the sensitivity of CAFs to lapatinib was also significantly enhanced by BSK805 ( Figure S7C ), suggesting that JAK-STAT signaling in both carcinoma cells and CAFs is involved in stromal protection from lapatinib. We further tested the validity of these findings in vivo by coadministering lapatinib with BSK805 in xenograft models. Consistent with the in vitro data, BSK805 significantly increased the anti-tumor activity of lapatinib in vivo ( Figure 5C ).
To validate the clinical relevance of these findings, we performed combined pSTAT3 and α-SMA immunofluorescence analysis of HER2 + breast tumors before and after neoadjuvant lapatinib therapy (24, 25) . Concordant with our xenograft data, we found a significant increase in the fraction of pSTAT3 + breast cancer cells in post-treatment compared to pre-treatment biopsies, and this pattern was consistently observed when analyzing all tumors combined or matched paired samples ( Figure   5D ,E, Figure S7D ,E, and Table S5 ). These results suggest that combining JAK-STAT inhibitors with HER2-targeting agents could be a more efficacious therapy for HER2 Stromal protection against anti-cancer therapies has been historically documented for cytotoxic therapies (33) . More recently, the involvement of CAFs in the development of resistance has also been documented for therapies targeting certain signaling pathways (2). Generally, CAF-mediated resistance can be attributed to signaling mechanisms arbitrated by adhesion to ECM, as well as paracrine interactions. In our experimental system, protection against the cytotoxic effects of lapatinib was mainly attributable to interactions at close spatial proximity, as fibroblast conditioned media did not confer protection. However, given the induction of STAT3 signaling and activity of JAK inhibitors in vivo and in vitro, paracrine signals are likely to contribute to the protection as well. In contrast to recent findings in stromal resistance against BRAF targeting therapies in melanoma (27) , signaling through the collagen-integrin-FAK axis did not appear to be a major mediator of lapatinib resistance in our system, as collagenase treatment and inhibitors of FAK had only a modest impact on the protective effects of CAFs. Instead, targeting HA was able to completely overcome stromal protection.
However, the effect is likely to be indirect, as HA-containing CAFs conditioned media or addition of purified external HA failed to protect from lapatinib. Instead, HA removal dramatically increased the sensitivity of fibroblast to lapatinib, thereby affecting all of the protective mechanisms. Enzymatic targeting of HA has recently been shown to enhance the effect of gemcitabine in pancreatic carcinomas (34) , and although the authors attributed the effect to the reduction of hydrostatic pressures, a substantial decrease in the numbers of CAFs was also observed, thereby suggesting sensitization of CAFs as a contributing mechanism.
Our studies have validated multiple pathways whose inhibition elevates the sensitivity of cancer cells to lapatinib. However, this sensitization is not specific to cancer cells associated with CAFs. In most cases, CAFs were able to confer relative protection, probably attributable to reduced lapatinib uptake and an elevated apoptotic threshold. Thus, in the absence of the ability to specifically eliminate carcinoma cells within microenvironmental protective niches, targeting CAFs directly might be a more promising approach. Targeting CAFs may also be advantageous since, in contrast to neoplastic cells, CAFs maintain normal genotypes (35) , which should limit inter-tumor variability and restrict adaptive potential. In addition, targeting CAFs is less likely to select for resistance compared to targeting cell autonomous pathways within cancer cells (36) .
Nevertheless, caveats such as potential toxicity to the normal stroma and different stromal composition within different metastatic sites can present a considerable challenge and has to be considered. Moreover, at least in certain context, tumors developing without CAFs could lead to unintended consequences of accelerated tumor growth and metastasis (37) . Similarly, gene 
